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Abstract A series of amide-linked surfactants from

methyl glucoside was synthesized and investigated for their

potential use as water-in-oil emulsifiers. The synthetic

concept combined a nucleophilic substitution approach

with a Staudinger coupling of the intermediate azide. Both

straight and Guerbet-type branched fatty acids ranging

from C8 to C16 were applied. All surfactants exhibited very

high Krafft temperatures, which were related to the amide

linkage and exclusively formed the hexagonal H1-phase.

The Guerbet C16 surfactant enabled the formation of a

stable water-in-oil gel at ambient temperature, which,

however, required heating to form the corresponding fluid

emulsion.

Keywords Carbohydrate surfactant � Hexagonal phase �
Alkyl-branched glycolipids � Water-in-oil emulsion �
Staudinger reaction � Renewable resources

Introduction

Environmental issues and limitation of petrochemical

resources are continuously shifting the focus of chemical

product development towards the utilization of biological

resources. Although most surfactants [1] are already based

on natural lipids, the biomaterial only accounts for the

hydrophobic domain. Improved skin compatibility and

superior emulsion stability towards pH and ionic strength,

has created considerable interest in non-ionic surfactants

[2]. Most commonly used are polyethylene glycol ethers,

whose hydrophilic domain derives from ethylene oxide, a

petrochemical resource. Biological derived alternatives

cover various glycolipids, in which the hydrophilic domain

originates from carbohydrates.

Glycolipids can be classified into three major classes

based on the linkage between the sugar and the hydrocar-

bon domain. Most chemical resistant are glycosides.

Common examples are APG, or alkyl poly-glucosides [3,

4]. However, the reduction of natural fatty acids into the

corresponding alcohols and their subsequent glycosylation

render these surfactants comparably expensive. More

economic are sugar esters [5, 6], which can be accessed

easily by an enzymatic process [7, 8]. The cost advantage

of these carbohydrate-based surfactants comes at a price of

low chemical stability, due to easy hydrolysis of the ester

bond in both acidic and basic media. Considerably more

stable, yet still economic, are sugar-based amides. Exten-

sive experience in peptide synthesis has led to well-estab-

lished processes for the formation of amides [9, 10].

However, amino-sugars, like glucosamine, are comparably

expensive starting materials.

In view of preparing a new surfactant for water-in-oil

emulsions based on renewable resources, we searched for a

suitable carbohydrate precursor. The main target was an

emulsifier for hydro-fuel [11], in which water enhances the

efficiency of fuel by creating additional pressure upon

combustion while cooling the engine at the same time.

Besides this, cosmetic oil based formulations are
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interesting applications as well. Economy aspects com-

bined with a request for a limited number of hydroxyl

groups suggested methyl glucoside. The glycoside can

easily be obtained from glucose and is among the least

expensive carbohydrate building blocks that are commer-

cially available [12]. The glycosylation blocks the ano-

meric hydroxyl group, thus improving oxidation resistance,

while reducing the surfactant’s polarity at the same time.

The latter enhances the solubility in non-polar environ-

ment, which is favorable if oil based media are targeted. An

alternative usage of a pentose, e.g., xylose, more than

doubles material costs and, therefore, is uneconomic.

Amide-based surfactants from methyl glucoside can

utilize the sugar either as uronic acid [13] or as amino [14]

component. In view of the common source for the hydro-

phobic domain, i.e., fatty acids, the latter approach was

chosen.

Materials and Methods

Starting materials and reagents of synthesis grade were

obtained from various commercial sources and used with-

out further purification. The same applies for solvents,

which were of AR grade. Purification of glycolipids and

their precursors applied column chromatography using the

flash technique, while no purification was required for fatty

acid derivatives.

The synthetic scheme, see Fig. 1, closely followed a

previously reported sequence for lower molecular

homologues [14]. The introduction of the amino-group

on a glycoside is most easy applied on the primary

hydroxyl group. A suitable way is a substitution with

sodium azide [15]. The primary alcohol can be activated

as halide by treatment of methyl glucoside, 1, with the

corresponding halogen succinimide, for economic reason

preferably the chloro-compound NCS, and triphenyl-

phosphine in DMF [16]. Alternatively, the azide can be

introduced in a one-pot procedure applying sodium azide

in the presence of triphenylphosphine and carbon tetra-

bromide [17]. Subsequent acetylation of the remaining

secondary hydroxyl groups, see scheme in Fig. 1, sim-

plifies the purification of intermediates and avoids pos-

sible side reactions during the Staudinger coupling [18–

20] of the azido-glucoside 2 [15] with the fatty acid

derivative. While the Staudinger reaction may be applied

to couple organic azides directly with carboxylic acids

[21], 3, better conversions can be obtained by applying

the corresponding acid chlorides [22], 4, which are

accessible by simple treatment with oxalyl chloride [23].

Mild hydrolysis under Zemplén conditions [24] enables

the selective removal of acetate protection groups

without side effects on the amide.

All surfactants were spectroscopically analyzed in

acetylated as well as in deprotected form. Structural iden-

tities are based on NMR spectra (1H and 13C, recorded on

400 MHz spectrometers) and high-resolution mass spec-

trometry, which were recorded on an LCMS with electro-

spray ionization. In order to assign 13C-NMR signals,

exemplary HMQC spectra were recorded for both protected

and unprotected surfactants of each series. Chemical

purities were confirmed by elemental combustion analysis

(CHN). Due to instrumental limitations and high environ-

mental humidity the hydrogen data were consistently to

Fig. 1 Synthesis scheme for amide-based surfactants from methyl

glucoside

1142 J Surfact Deterg (2014) 17:1141–1149

123



high, whereas both carbon and nitrogen contents confirmed

the purity of the material.

The thermotropic behavior of the material was studied

by differential scanning calorimetry (DSC) in a replicated

heating–cooling cycle at a heating/cooling rate of

10 �C min-1. Phase assignments are based on the transi-

tion enthalpies, but confirmed by optical polarizing

microscopy (OPM) images. The textures were obtained

upon cooling from the isotropic liquid. Lyotropic phases

were investigated using the contact penetration technique

under OPM observation [25, 26]. Besides water, long

chained surfactants were also contacted with methyl laurate

to access the behavior in an oil-based environment. The

determination of Krafft points applied slow heating of

4 mL samples of the surfactant in water in an oil bath under

moderate stirring until the mixture cleared. Critical micelle

concentrations were determined based on surface tension

measurements over a wide concentration range. Calcula-

tions applied linear regressions of the surface tension as

function of the logarithmic concentration for the concen-

tration depending region as well as for the plateau at high

concentration. Surface tension measurements were per-

formed using the du Nouy ring method in five replicates

with a maximum standard deviation of 0.1 mN m-1.

Molecular modeling was executed on the octanoyl

amide 6-8 as well as for a few reference compounds in

GAUSSIAN 09TM using density function B3LYP with

basis set 6-31G without consideration of a solvent and tight

conversion criteria. In order to evaluate different sugar

conformations, input configurations differing in intra-

molecular hydrogen bonding were compared. The structure

of the branched chain surfactant 8-8/4 was obtained based

on the DFT-based structure of 6-8 after modification and

subsequent minimization of the alkyl chain region in

MOPACTM using AM-1.

Emulsion studies applied methyl laurate with 5 % water

and about 0.5 % surfactant content. Homogenization was

achieved by mechanical perturbation and ultrasonication at

elevated temperature in 5-mL samples.

Experimental Procedures

(I) Fatty acid activation: Fatty acid 3 was dissolved in

chloroform. Oxalyl chloride (1.5 equiv) was

added and the reaction was warmed to 60 �C for a

few hours. Evaporation of solvent and excess

reagent furnishes the clean acid chloride 4.

(II) Staudinger Coupling [14]: A solution of fatty acid

chloride 4 (1.6 equiv) in dichloromethane was

added drop wise to a mixture of azide 2 [15] and

triphenylphosphine (1.2 equiv) in the same sol-

vent. Stirring at room temperature was continued

for about 7–15 h, by which the reaction had turned

into a cloudy solution. The solid was filtered off

and the solution was washed with 5 % sodium

hydrogen carbonate solution, dried over magne-

sium sulfate and evaporated to dryness. The

resulting syrup was chromatographed on silica

gel with hexane/acetone 6:1 to afford the amide 5

or 7, respectively, as white crystals.

(III) Deacetylation: Acetylated amide 5 or 7, respec-

tively, was dissolved in methanol and treated with

a catalytic amount of sodium methoxide. After

stirring for 24 h at room temperature the mixture

was neutralized with Amberlite IR 120 (H?). The

resin was filtered off and the methanol was

evaporated to furnish the target surfactant 6 or 8,

respectively, in almost quantitative yield.

Results and Discussion

Amide linked surfactants from methyl glucoside were

obtained in overall yield of almost 50 % based on the

carbohydrate starting material. This is in good agreement

with the previously reported synthesis of 8-6 and lower

molecular weight analogs [14]. Both straight and a-bran-

ched (Guerbet) fatty acids, ranging from 8 to 16 carbons,

were applied without significant differences with respect to

the process efficiency. Chromatographic purification was

required, in particular to remove the phosphinoxide formed

during the initial substitution of the hydroxyl group at C-6

as well as in the Staudinger-based coupling of the carbo-

hydrate and the fatty acid. Combustion analyses of the

acetylated intermediates 5 and 7 confirmed high purity of

the material, as carbon and nitrogen contents matched the

calculated values, whereas the NMR-spectra of the final

surfactants, 6 and 8 respectively, proved the complete

removal of the protection groups. The NMR data were in

good agreement with previously reported values for lower

homologues [14]. However, due to the application of dif-

ferent solvents for the unprotected surfactants, 6, the data

deviate slightly.

Table 1 shows characteristic thermodynamic data for

the surfactant series 6 and 8. A comparison of the melting

point of 6-8 with previously reported data [14] indicates a

minor depression, thus suggesting traces of impurities,

although these could not be detected otherwise. Alterna-

tively the presence of hydrate water in the literature

reported compound might account for the higher melting

point. While the current material was dried in a vacuum

oven at 50 �C over phosphorous pentoxide prior to the

determination of the melting point, no special precautions

are reported in the literature. DSC analysis for higher
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homologues 6–10 to 6–16 revealed hydrate water, which

consistently evaporates at about 120 �C, while no water

was found for the branched amides 8. The reason for the

different behavior is a change in the operating scheme due

to lack of access to the drying equipment.

Unlike alkyl glucosides, none of the amide surfactants

exhibited thermotropic liquid crystalline behavior. This

corresponds with high melting temperatures of the com-

pounds, see Table 2. The melting enthalpy probably rather

reflects a transition from a gel-phase to the isotropic liquid

than a transition from a crystalline solid. This in line with

the OPM images in Fig. 2, which show a continuous pat-

tern rather than sharp crystalline domains. The textures

suggest a (hexagonal) columnar geometry. The behavior of

the straight surfactant type 6 deviates distinctly from the

Guerbet analogue 8. While melting points for the former

increase with growing chain length, apparently approach-

ing a plateau, increasing chain length lowers the melting

point for the latter. However, both series may approach the

same saturation value. The high melting point indicates

strong intermolecular interactions, which, according to the

trend behavior, must be related to the carbohydrate domain

of the surfactant. Hydrogen bonding, involving the amide

as either acceptor and/or donor is a likely explanation.

In line with a previous report [14], Table 2 indicates

very high Krafft temperatures for all surfactants, thus

confirming a high tendency of the carbohydrate domain to

‘crystallize’. The Krafft temperature increases with the

chain length for both straight and branched glycolipids.

The slightly lower values for the biantennary series 8 refer

to better solubility due to the compactness of the hydro-

phobic domain. This literature known trend [27, 28] is also

reflected in the increase of the CMC for the branched C12-

glycolipid 8-8/4 compared to its straight analogue 6-12, see

Fig. 3. The value of the latter is in good agreement with an

expected increase of factor ten for two methylene groups

[29] and the previously reported data for 6-8 [14]. The

CMC investigation was limited to the C12 glycolipids, as

the shorter chained surfactant are neither expected to

exhibit good performance for an oil based media, nor

economic due to low contents in renewable resources.

Longer chained homologues, on the other hand, are

extremely difficult to measure, due to the high Krafft

temperature.

The surface tensions at the CMC for both C12-surfac-

tants are slightly below that preciously reported for 6-8

[14]. As the temperature for both investigations is very

similar, its is assumed that the difference accounts for the

increased chain length. A comparison of the surface tension

at the CMC for 6-12 with a previously reported ester

analog [30] indicated a significant reduction of surface

activity for the amide. This corresponds with a decreasing

Table 1 Overview of synthesis

and thermal behavior

a Vacuum dried at elevated

temperature
b Ref. 135 �C [14]

Compound n Lipid domain Overall yield (%) Dehydration mp

T (�C) DH (kJ mol-1) T (�C) DH (kJ mol-1)

6-8 3 C8 Straight 47 -a -a 131b 32

6-10 4 C10 48 120 12 139 27

6-12 5 C12 46 125 23 144 37

6-14 6 C14 45 126 28 147 42

6-16 7 C16 45 129 30 147 43

8-6/2 1 C8 Branched 45 -a -a 185 30

8-8/4 2 C12 43 -a -a 171 31

8-10/6 3 C16 44 -a -a 154 25

Table 2 Overview of

surfactant properties
Compound Lipid domain TK (�C) CMC Phases in water

@ 30 �C
No n c (mmol L-1) T (�C) c (mN m-1)

6-8 [14] 3 C8 Straight 65 34 70 32 H1

6-10 4 C10 70 H1

6-12 5 C12 80 0.27 80 30 H1

6-14 6 C14 95 H1

6-16 7 C16 100 H1

8-6/2 1 C8 Branched 55 H1

8-8/4 2 C12 75 0.62 80 31 H1

8-10/6 3 C16 100 H1
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CMC by factor two, thus indicating significantly stronger

inter-molecular interactions for the amide than for the

ester. It is assumed that these are mediated through

hydrogen bonding involving the amide linkage.

The lyotropic investigation of the surfactants in water

showed exclusive formation of the hexagonal phase, H1, as

shown in Fig. 4. It was difficult to obtain characteristic

textures. With focus on the high Krafft temperature, sam-

ples were heated to improve the quality of the texture. No

indication for lamellar phases (esp. myelin figures) have

been found in any penetration scan. Overall the textures are

more fitting for a hexagonal phase. This is an indication for

the H1-phase, as the inverse H2-phase can only be formed

for larger branched surfactants, like 8-10/6. The complete

absence of the lamellar phase demonstrates the dominance

of the carbohydrate domain for the molecular surface area,

which is in contrast to a previously found trend for Guer-

bet-type alkyl b-glucosides [31].

In view of the unusual phase behavior in water, a

molecular modeling study was performed, aiming for a

packing theory [32] based explanation. Figure 5 shows the

optimized conformation for 6-8. Instead of a previously

suggested five-membered ring hydrogen bond of the amide

NH with the ring oxygen of the carbohydrate [14], an eight-

membered ring hydrogen bond between the hydroxyl group

at C-4 and the amide carbonyl was found. This hydrogen

bond leads to a tilt of the hydrocarbon chain relative to the

carbohydrate ring, thus increasing the molecular surface

area significantly. Due to the applied vacuum conditions

for the modeling, H-bonding based structural features may

differ in aqueous environment. Therefore the DFT study

was extended applying three vacuum-minimized structures

as summarized in Table 3, involving intra-molecular

hydrogen bonds between the hydroxyl group at C-4 and the

amide carbonyl, the amide NH and O-4 as well as the

amide NH and the ring-oxygen O5, respectively, as input

conformation and implementing the aqueous environment

as continuous medium resembled by the solvents dipole

moment. Unfortunately all calculation failed to converge.

However, the hydrogen bonds between the 4-hydroxy

group and the amide carbonyl as well as between amide

NH and the O-4 remained intact during the entire calcu-

lation, while the previously proposed hydrogen bond

between the amide NH and the ring oxygen broke. This is

consistent with significantly lower energy for the first two

conformations, as shown in Table 3, and supports the

assumption of stability of these two hydrogen bonds in an

aqueous environment. Based on the lower total energy for

the structure involving the 8-ring H-bond under vacuum

conditions, it can be assumed that the minimized structure

displayed in Fig. 5 reflects the optimum conformation in an

Fig. 3 CMC investigation for the C12-surfactants 6-12 and 8-8/4

Fig. 2 OPM textures for 6-16
(a) and 8-10/6 (b) obtained

upon cooling of the isotropic

melt
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aqueous environment as well. Figure 6 demonstrates the

dominance of the sugar head-group on the molecular sur-

face area based on the optimized conformation for both, the

straight glycolipid type 6 as well as the branched analog 8.

The tilting effect is comparable with the increase of

molecular surface area when changing an equatorial gly-

coside 10b into the axial analog 10a, see Fig. 7.

The simulation results match a trend based on literature

derived, surface tension based molecular surface areas for

anomeric alkyl glucosides. These indicate a significantly

increased value for the a-anomer (49 Å2 [33]) compared to

b-analogues (38 Å2 [34], 43 Å2 [27]). The latter is in

reasonable agreement with X-ray based [35] data indicat-

ing molecular surface areas of 35 Å2 for aqueous octyl b-

glucoside formulations in the lamellar phase [36]. The

reported value for 6-8 (49 Å2) [14] perfectly matches that

of the a-glucoside, this way confirming the simulation

based expectation of similar molecular surface areas for

core structures 6 and 10a. The exclusive formation of

hexagonal phases for 6 and 8, however, cannot solely be

related to the molecular surface area of the carbohydrate

head group, as a-glycosides, which resemble the molecular

shape of 6 closely, form lamellar phases in contact with

water [35]. It is therefore believed that, unlike for 10a, 6

and 8 exhibit specific, directed interactions, which account

for a packing based increase of the molecular surface area.

The high Krafft temperature of the surfactants may be

explained by strong intermolecular hydrogen bonding.

Fig. 4 Contact-penetration

with water; (a) 6-8 @ rt,

(b) 8-10/6 @ rt

Fig. 5 Intramolecular H-bonding leads to tilting of headgroup, thus

increasing the molecular surface area

Fig. 6 Molecular models for 6-8 and 8-10/6

Table 3 Relative stability of carbohydrate conformations for amide

6-8

Intra-molecular

H-bonding

Ring size Total energy

H-Donor H-acceptor RMS (AU) DE (kJ mol-1)

4-OH C=O 8 -1,094.834 ref.

NH O-4 6 -1,094.832 3.9

NH O-5 5 -1,094.821 33.4

1146 J Surfact Deterg (2014) 17:1141–1149

123



Although the conformations for 6 and is oxygen analog 9

are almost identical, including the eight-membered ring

hydrogen bond that accounts for the tilting of the head-

group and the large molecular surface area, the Krafft

temperature of ester 9 [30] remains significantly lower than

the one of amide 6 [14]. This strongly suggests the

involvement of the amide hydrogen in the hydrogen

bonding. Figure 8 shows a possible interaction scheme,

which is related to the intra-molecular H-bonds responsible

for the secondary structure of proteins. The intra-molecular

hydrogen bond involving the hydroxyl-group at C-4

increases the polarity of the NH bond, thus giving rise to

strong intermolecular interactions of neighbored surfac-

tants. Experimental indications for strong intermolecular

interactions of surfactant molecules are found in the con-

sistent patterns of mass spectra for 6 and 8. Besides the

expected signals for [M?H] and [M?Na], Fig. 9 shows an

intense peak at [2M?Na], which reflects the intermolecular

interactions. While the [M?H] signal is significantly larger

than the corresponding [2M?H] peak, the opposite

behavior applies for the sodium adducts. An explanation of

this behavior is a destabilization of the intermolecular

H-bonding upon protonation, which is expected to happen

on the amide.

In order to evaluate the potential of the surfactants as

stabilizer for water-in-oil emulsions, a contact penetration

scan with methyl laurate was performed. The hydrophobic

solvent was selected based on potential application for

hydro-fuel from renewable sources, i.e. biodiesel. Fig-

ure 10 shows that the surfactant in growing into the oil

phase, thus suggesting a good interaction of the surfactant

with the oil and a potential for the intended application.

With respect to highest expected solubility of the surfactant

in the oil, only compounds with hydrocarbon domains

involving 14 and 16 carbons, i.e., 6-14, 6-16 and 8-10/6,

were selected for a preliminary formulation study. The

straight hydrocarbon surfactants led to phase separation

within a week (3 days for the C14 compound, while the C16

analog required about 7 days). No separation was observed

for the branched C16 surfactant 8-10/6 within an observa-

tion period of several weeks. However, the initially fluid

emulsion forms a gel after about three weeks, which

requires heating above 40 �C to liquefy again.

Fig. 7 Molecular structure comparison for various glucoside-based

surfactants

Fig. 8 Amide-based H-bonding due to intramolecular H-bonding

increasing intermolecular cohesion

Fig. 9 Typical pattern for mass-spectra of 6-acylamino glucoside

surfactants
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Conclusion

Amide-based glycolipids from methyl glucoside are easily

accessible surfactants from renewable resources. The syn-

thesis, however, requires several steps, thus rendering the

surfactants rather expensive. Although the material exhibits

good interaction with lipid-based oil, like methyl laurate,

only the alkyl-branched type 8 enables the formation of a

stable water-in-oil emulsion. The reason lies in the large,

carbohydrate-dominated surface area of the surfactant,

which originates from a tilting of the hydrocarbon chain

towards the cyclic carbohydrate due to the intramolecular

H-bonding of the 4-hydroxy-hydrogen to the amide car-

bonyl. Packing theory [32] considerations predict a hex-

agonal phase H1 as favorable assembly geometry for the

single chained surfactant type 6. This curvature, however,

does not match the requirements of a reverse phase, which

forms the basis for oil-based emulsions, thus formulated

emulsions separate. Only chain branching combined with

longer chain lengths enables a balance of the surface areas

of the surfactant antipodes, leading to stable water-in-oil

emulsions. Strong intermolecular interactions of the head

group, which are related to the primary amide structure,

lead to high Krafft temperatures, causing emulsions to

solidify in a gel. Therefore, the surfactant applications as

emulsifier for bio-diesel based hydro-fuel would require

preheating of the fuel.

The dominating amide interaction suggests possible

improvements on the Krafft temperature, if the 6-amino-

glucoside precursor is N-alkylated prior to the introduction

of the fatty acid, thus leading to an N-branched glycolipid,

rather than the current C-branched surfactant 8. This

structure type has been reported in life-science-related

patents [37], whereas its application potential for hydro-

fuel application has not been investigated. Of course, this

requires a change in the synthesis scheme, as the Stau-

dinger reaction is not suitable any more. However, such an

approach would be in line with improved resource acces-

sibility, as an economic access to the C16-Guerbet fatty

acid from biomaterial is currently not available.
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